Introduction
Sepsis is common, frequently fatal, and is considered today a major public health problem [1] . Importantly, mortality and most of the intermediate to long-term consequences of sepsis have consistently been associated with organ compromise [2] . As an example, acute kidney injury occurs in as much as 40-50% of septic patients, which increases the risk of death 6-8 fold [3] , and also the risk of progression to chronic kidney disease in survivors [4] . However, anticipation, prevention and treatment of organ injury are challenging aspects because the mechanisms by which sepsis causes organ dysfunction are not well understood. This is a major knowledge gap in the field that if resolved, may result in more efficient preventive and therapeutic strategies.
Recent animal and post-mortem human studies of resuscitated sepsis have shown that histologically, sepsisinduced acute kidney injury (AKI) is not characterized by acute tubular necrosis (ATN; less than 5% of tubular cells [5] ) as previously thought, but rather by a bland, heterogeneous pattern of tubular injury typified by apical tubular cell vacuolization, and loss of brush border [5] . Takasu et al. [5] have reported that although focal coagulative necrosis occurs in up to 44% of patients, this is seen only in less than 5% of tubular epithelial cell (TEC), and that apoptosis is seen only in less than 0.3% of tubules studied. Importantly, these changes frequently occur in the setting of normal or even hyperdynamic renal blood flow [6] , suggesting that at least in some cases of resuscitated sepsis, macro-hemodynamic hypoperfusion cannot explain the events leading to this histologic or clinical presentation. Taken together, these data support the notion that mechanisms other than changes in global or regional perfusion, such as the response of the TEC to inflammation (i.e. Damage and Pathogen Associated Molecular Patterns, or DAMPs, and PAMPs), may play a key role in the development of the clinical phenotype [7] .
The TEC Response to Sepsis
Energy balance dysregulation and mitochondrial injury are two major triggers of apoptosis that occur during sepsis. Yet, with the exception of T lymphocytes and intestinal epithelia, significant necrosis or apoptosis does not occur [5] . This suggests that epithelial cells may respond to early inflammatory injury by triggering energy regulatory pathways that preserve energy balance, and limit oxidative damage from dysfunctional mitochondria. In support of this, TEC have been shown to decrease the expression of ion transporters in response to sterile inflammation [8] , which may limit energy expenditure, given that ionic transport represents more than 70% of ATP consumption in the TEC [9] . Adenosine monophosphate activated protein kinase (AMPK) is a master sensor of energy status, which is activated in response to energy depletion (i.e. increments in AMP:ATP ratio), and limits energy expenditure by decreasing anabolic reactions. Our preliminary data suggest that AMPK is activated within 24 h of sepsis [10] , suggesting that it may participate in this early response.
Furthermore, Hsiao et al. [11] have shown that mitophagy, a process by which dysfunctional mitochondria are targeted, digested and removed from the cytosol, is activated within hours after experimental sepsis. Based on these observations, it is reasonable to propose, as many have [5] , that the acute cellular response to sepsis is adaptive. We further hypothesize that this response may be driven by AMPK and mitophagy activation, which in turn downregulate metabolism, reprioritize energy expenditure to functions necessary for survival, limit oxidative damage from dysfunctional mitochondria, and eventually set the stage for re-population of a functional mitochondrial pool by the process of biogenesis, to stabilize energy balance ( fig. 1 ).
The Role of AMPK and Metabolic Down-Regulation as a Survival Strategy
In the setting of experimental sepsis, AMPK is activated within 24 h after cecal ligation and puncture (CLP) [10] . We have also demonstrated that the over-activation of AMPK using the AMP analogue, AICAR (5-aminoimidazole-4-carboxamide ribonucleotide) before CLP is 257 associated with significant protection from AKI, and with decreased circulating inflammatory mediators like IL-6, IL-10 and TNF-α [12] , suggesting AMPK may play a protective role in providing an early response to experimental sepsis. Furthermore, we have shown a temporal association between AMPK activation and a decrease in the epithelial sodium channel (ENaC) expression by immunoblot [10] . These data are reminiscent of the findings by Hsiao et al. [11] who showed a decrease in tubular sodium transport 9-18 h after CLP. Downregulation of ionic transport in the TEC may be a strategy to avoid energy depletion during sepsis, given the major energy sink the ion channel activity represents. In this context, the data mentioned earlier suggest that AMPK activation may drive this adaptive response, protecting the TEC by conserving energy homeostasis at the expense of cell function. Several questions still remain and further work is needed to assess whether the association between AMPK and ENaC (or other ion transporters) is indeed causal, if it is actually associated with an energetic benefit, and if it will result in a functional and survival advantage in more chronic models.
The Role of Mitophagy as an Adaptive Mechanism: A Halt before Death
Dysfunctional mitochondria during sepsis are deleterious for the cell and potential triggers of apoptosis [13] . However, several of this alterations including loss of mitochondrial membrane potential are also triggers of key quality control processes like mitophagy that limit cell injury. In a rodent CLP model, we have found that mitophagy is activated early in the course of sepsis, and that such activation slowly declines within the first 24 h. These findings are in agreement with previously reported data by Hsiao et al. [11] who showed that mitophagy is activated as early as 3 h after CLP. This seems to be important because inhibition is associated with worse outcome [11] , increased cellular damage and apoptosis in the liver [14] , and exogenous activation improves renal recovery in a rodent model of sterile inflammation with LPS [15] . These data suggest that mitophagy is present early in the course of sepsis, and that modifications in its activation (i.e. activation or inhibition) are associated with cell injury, organ function and outcome. Work is still needed to answer important questions like whether or not these associations are causal in nature, what is the impact of timing of activation on cell function, protection and recovery, and whether early exogenous activation can provide effective protection and functional recovery at later stages of sepsis.
Conclusion
Close examination of the histology of various organs of patients dying from sepsis has dramatically changed the way we think of sepsis-induced organ dysfunction. The recognition that in the case of the kidney, sepsis-induced AKI cannot be entirely explained by the traditional concept of ATN, and that sepsis does not cause overt apoptosis and necrosis in failing organs, has challenged the notion that ischemia is the only mechanism explaining organ dysfunction. Importantly, it has also prompted many to suggest that the acute response to the septic environment may be adaptive in nature. In this review, we have now put forth a conceptual model that cellular energy regulation is fundamental to the adaptive response, and that such regulation is driven at least in part by activation of AMPK and mitophagy. Further work is warranted to understand the role of these energy regulatory pathways in the response of the TEC to sepsis, to determine to what extent this response provides cellular and organ protection, to evaluate if these pathways can yield prognostic or diagnostic biomarkers, and finally, if pharmacologic manipulation can result in organ functional recovery and improved outcome.
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